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[1] We present a numerical eigenmode analysis of an intermediate El Nin˜o–Southern Oscillation (ENSO)
model which is driven by present-day observed background conditions as well as by simulated background
conditions for the Last Glacial Maximum (LGM) about 21,000 years ago. The background conditions are
obtained from two LGM simulations which were performed with the National Center for Atmospheric Research
climate system model (CSM1.4) and an Earth system model of intermediate complexity (ECBilt-CLIO). Our
analysis clearly shows that the leading present-day unstable recharge-discharge mode changes its stability as
well as its frequency during LGM conditions. Simulated LGM background conditions were favorable to support
large-amplitude self-sustained interannual ENSO variations in the tropical Pacific. Our analysis indicates that
off-equatorial climate conditions as well as a shoaling of the thermocline play a crucial role in amplifying the
LGM ENSO mode. INDEX TERMS: 1615 Global Change: Biogeochemical processes (4805); 3344 Meteorology and
Atmospheric Dynamics: Paleoclimatology; 4215 Oceanography: General: Climate and interannual variability (3309); 4271
Oceanography: General: Physical and chemical properties of seawater; 4522 Oceanography: Physical: El Nino; KEYWORDS: ENSO,
Last Glacial Maximum, eigenmode
Citation: An, S.-I., A. Timmermann, L. Bejarano, F.-F. Jin, F. Justino, Z. Liu, and A. W. Tudhope (2004), Modeling evidence for
enhanced El Nin˜o–Southern Oscillation amplitude during the Last Glacial Maximum, Paleoceanography, 19, PA4009,
doi:10.1029/2004PA001020.
1. Introduction
[2] The El Nin˜o–Southern Oscillation (ENSO) is a
coupled tropical mode of interannual climate variability
which involves oceanic dynamics [Jin, 1997] as well as
large-scale atmospheric changes [Bjerknes, 1969; Gill,
1982]. Through anomalous diabatic heating El Nin˜o and
La Nin˜a conditions trigger meridionally propagating atmo-
spheric Rossby waves which encompass weather conditions
even in high latitudes. Recent greenhouse warming simu-
lations performed with ENSO-resolving coupled general
circulation models (CGCMs) have revealed a high degree
of uncertainty with respect to the amplitude and the pattern
of future tropical Pacific warming [e.g., Timmermann et al.,
1999; Collins, 2000]. Furthermore, the response of ENSO
to an anticipated anthropogenic warming appears to be
highly model-dependent. In the work of Timmermann
[2001] it was suggested that the ENSO response to green-
house warming not only depends on the mean warming
pattern but also on how far away in parameter space the
model ENSO operates from supercriticality. An independent
way to calibrate CGCMs is to study their behavior under
extreme paleo conditions. Here we choose the Last Glacial
Maximum (LGM) which was characterized by reduced CO2
conditions, Northern Hemispheric ice caps, different vegeta-
tion and lowered sea level. LGM paleotemperature recon-
structions for the tropical Pacific are ambivalent. While some
studies [Lea et al., 2000] show a strong cold tongue cooling
of about 4 degrees which outweighs the warm pool cooling of
about 2.8 ± 0.8 K, others [Koutavas et al., 2002] are more
consistent with an El Nin˜o-type pattern. Past ENSO variabil-
ity has been reconstructed for small time slices throughout the
last 120,000 years [Sandweiss et al., 1996; Hughen et al.,
1999; Rodbell et al., 1999; Rittenour et al., 2000; Corre`ge et
al., 2000; Tudhope et al., 2001; Moy et al., 2002; Andrus et
al., 2002; Cobb et al., 2003; Woodroffe et al., 2003]. The
coral data of Hughen et al. [1999] suggest that ENSO was
active during the last interglacial about 125,000 years ago
and was probably reduced in its activity [Rodbell et al.,
1999; Moy et al., 2002; Tudhope et al., 2001] during the
early to mid-Holocene (9000–6000 years ago). Figure 1
shows the power spectrum of d18O variations from a
present-day and three fossil corals sampled at Papua New-
Guinea. These isotope variations capture mostly interannual
rainfall variability associated with ENSO. For the three
fossil corals from the last glacial period (corals are about
38–42 kyr old) one observes a reduction of the interannual
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ENSO variance (2–8 year periodicity band) relative to the
modern. Here we disregard potential changes of the main
periodicities during the last glacial period, which are diffi-
cult to assess due to the limited sampling length of the fossil
corals. The apparent difference in the strength of the
seasonal cycle in the coral isotope records between the
modern and glacial in Figure 1 is due mainly to the different
sampling locations. i.e., in modern coral isotope records,
although the amplitude of interannual ENSO variance is
similar between Madang and the Huon [e.g., Tudhope et al.,
2001, Figure 3], the amplitude of the seasonal cycle is
smaller at Madang. Comparison of short (18-year- long)
modern coral records from Huon with the glacial corals from
the same site (not shown) indicates that the amplitude of the
seasonal cycle at this site was similar during both periods.
[3] Under the assumption that the ENSO teleconnection
pattern remains stable, this would suggest that glacial ENSO
variability was smaller than today’s. However, this funda-
mental assumption might not be valid as argued by Otto-
Bliesner et al. [2003].
[4] A whole series of global coupled atmosphere-ocean
simulations has been performed to study certain aspects of
the LGM climate [e.g., Bush and Philander, 1998; Shin et
al., 2003; Liu et al., 2002; Kitoh et al., 2001; Hewitt et al.,
2001; Timmermann et al., 2004; Kim et al., 2003; Peltier
and Solheim, 2004]. The overall simulated sea surface
temperature (SST) response to glacial boundary conditions
is highly model-dependent. Still most authors claim that
their simulated SST patterns are in agreement with some of
the paleo SST reconstructions. Despite significant uncer-
tainties in both the models and the paleodata interpretation,
it is informative to study the sensitivity of ENSO to glacial
boundary conditions, as done by Otto-Bliesner et al. [2003]
and Peltier and Solheim [2004]. These two descriptive
studies, using a similar version of the NCAR CSM1.4
climate model suggest an amplification of ENSO variance
during the LGM, which has been attributed to changes of
the oceanic stratification [Otto-Bliesner et al., 2003].
[5] Here we address this issue by performing an eigena-
nalysis of an intermediate tropical coupled atmosphere-ocean
model which is driven by present-day climate background
conditions and perturbed background conditions which cap-
ture the anomalies between LGM and present-day climate.
[6] The LGM background changes are obtained from two
different LGM simulations performed with the state-of-the-
art coupled general circulation model NCAR CSM, Version
1.4 [Otto-Bliesner et al., 2003] and Earth system model of
intermediate complexity ECBilt-CLIO, version 3.0 [Goosse
et al., 2002; Timmermann et al., 2004]. The LGM experi-
ments use glacial boundary conditions such as the LGM
continental ice sheet extension, reduced levels in the atmo-
spheric trace gases, and Milankovitch solar radiation
changes [Shin et al., 2003]. In addition the NCAR
CSM1.4 model also captures a lowering of global sea level
of about 120 m. The CSM1.4 LGM simulation shows an
enhancement of ENSO variability as compared to the
present-day control simulation which has been attributed
[Otto-Bliesner et al., 2003] to changes of the zonal SST
Figure 1. Power spectra of d18O time series obtained from an isotope analysis of fossil (dashed) and
modern (solid) corals sampled in Papua New Guinea. Data from Tudhope et al. [2001]. See color version
of this figure at back of this issue.
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gradient, wind stress, upwelling and in particular a sharp-
ening of the thermocline. In contrast, the low-resolution
model ECBilt-CLIO does not simulate ENSO dynamics and
will be used here only to study the stability of the simulated
glacial background state.
[7] Our paper is organized as follows: in section 2 we
describe the technique used to study ENSO variability
during the LGM. In section 3 we present the eigenanalysis
based on the LGM background conditions simulated by the
CSM model. Our paper concludes with a discussion and
summary of our main results.
2. Eigenmode Analysis of an Intermediate ENSO
Model
[8] In order to systematically understand how LGM
background changes, as simulated by Shin et al. [2003],
Otto-Bliesner et al. [2003] and Timmermann et al. [2004],
affect ENSO variability we perform an eigenanalysis of a
more simplified dynamical model using different back-
ground states. Our model is similar to the intermediate
ENSO model of Zebiak and Cane [1987]. Our model differs
from the original [Zebiak and Cane, 1987] model in
employing smoothed versions of the subsurface temperature
parameterization, vertical advection and the convergence
feedback. Furthermore, an improved advection scheme has
been used which treats the horizontal advection of temper-
ature anomalies properly. Furthermore, the atmospheric
model is solved explicitly, rather than iteratively. This leads
to regular ENSO oscillations with a small skewness, in
contrast to the highly chaotic and strongly skewed oscil-
lations of the Zebiak and Cane [1987] model. Overall, the
period of the ENSO oscillation in both models is similar.
[9] In order to reduce the matrix dimension of the linear
dynamical operator the ocean dynamic fields have been
expanded spectrally using Hermite functions, as in the
work of Battisti [1988]. For different climate background
conditions we compute the Jacobian matrix using a per-
turbation method in which the matrix elements are com-
puted from small variable perturbations and their simulated
corresponding time derivatives. As will be shown in a
forthcoming paper this method is very robust and approx-
imates the Jacobian matrix quite well. In our case the size
of the Jacobian matrix is 1439  1439. Eventually,
the eigenmodes are computed using standard numerical
eigenanalysis techniques. However, in many fluid-dynamical
systems the estimation of eigenmodes can be difficult,
because small errors in the matrix estimation may give rise
to large errors of the eigenvalues, due to the nonnormality of
the linear operators. This effect can be quantified by using
pseudospectral methods [Trefethen, 1999] which provide
uncertainty bounds for the linear eigenmodes. In order to
show that our eigenmode solutions are robust we have
also computed the pseudospectra [Trefethen, 1999] of the
Jacobian matrix. The results (not shown here) indicate
that small errors in the computation of the matrix
elements of a few percent do not modify the eigenspec-
trum of the leading modes significantly, despite the non-
normality of the tropical coupled atmosphere-ocean
system. Instead of using the full CSM and ECBilt-CLIO
background control and LGM states for the eigenanalysis
of the Zebiak and Cane [1987]-type model we use the
observed background state ~XZC which consists of the mean
SST, thermocline depth, surface winds, wind divergence,
horizontal and vertical current fields and perturb these fields
by the diagnosed difference between the LGM and present-
day (CTR) simulation. We obtain the background state (BG)
from ~XBG = ~XZC + g(~XLGM  ~XCTR), where g can vary
between zero and one. A g value of 0 represents present-day
conditions, and a g value of 1 corresponds to LGM
conditions.
3. Eigenmode Analysis of Present-Day and LGM
ENSO
3.1. CSM1.4 Results
[10] Figure 2 shows the simulated changes of the SST, the
surface winds, the horizontal currents in the surface layer,
upwelling, and the thermocline depth between the CSM
LGM simulation and the present-day control run. Our
intermediate model does not include continental topogra-
phy, such that land anomalies from the CSM simulation are
interpolated to the oceanic grid of the intermediate ENSO
model. As discussed by Shin et al. [2003] one observes a
cooling of the warm pool area and a less strong cooling of
the cold tongue. Furthermore, a mean shoaling of the
thermocline can be observed which can be attributed to an
inflow of cold Southern Pacific thermocline waters [Liu et
al., 2002]. The difference between the LGM and present-
day CSM experiment, as shown in Figure 2 is added, as a
perturbation to the observed mean state of our intermediate
ENSO model. Eventually a new Jacobian matrix is com-
puted for this new background state and the eigenmodes of
this matrix are computed.
[11] Figure 3 (right panel) shows the eigenmodes of the
observed background state. In addition to the so-called
damped scatter modes, one observes an unstable mode with
a period of 3.8 years. This mode corresponds to the leading
recharge-discharge ENSO mode of the system. The scatter
modes are free planetary wave modes which satisfy the given
boundary condition of no net mass flow along the western
boundary and the long-wave approximation for a given
spectral truncation [Liu, 2002]. They will not be considered
here in detail. The eigenmode spectrum for the LGM
perturbation conditions also exhibits an unstable interannual
mode with a period of about 3.7 years. The LGM ENSO
mode is more unstable than the present-day ENSO mode.
The enhanced growth rate during the LGM is consistent with
an increased ENSO amplitude [Otto-Bliesner et al., 2003] in
the LGM-CGCM simulation. If ENSO operates in a self-
sustained regime not too far away from the initial Hopf
bifurcation point, as in our case, growth rate and amplitude
are related to each other by a monotonous nonlinear function.
Hence the growth rate can be used as a measure of amplitude.
The advantage of our systematic analysis is that we can
disentangle which component of the background changes is
most important for the LGM ENSO behavior. We performed
an eigenanalysis which is based on the LGM perturbation
only in the equatorial region. The background state~xBG was
modified using a Gaussian latitudinal weighting function
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Figure 2. Simulated difference of SST (K), wind (m/s), surface current (cm/s), upwelling (103cm/s)
and thermocline depth (m) between CSM LGM and present-day simulation. Data are interpolated onto
the grid of our intermediate tropical model. See color version of this figure at back of this issue.
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with a width of about 10 degrees. The latitudinal weighting
effectively leaves the equatorial anomalies intact, while
damping the off-equatorial anomalies strongly, depending
on the width of the Gaussian weighting function. We have
not tested the sensitivity of our results with respect to the
width of the Gaussian weighting function. The new
eigenvalue spectrum (Figure 3, left panel, light blue dot)
exhibits a damped ENSO mode with an eigenfrequency of
0.3 1/years and a negative growth rate of 0.02 1/year
which is almost indistinguishable from the scatter spectrum.
This damped ENSO mode can be identified (not shown) by
the pattern evolution of the eigenvectors, which is consistent
with a damped mixed-SST wave mode. ENSO can still exist
as a physical mode (solution) of the system, even when its
growth rate is negative. In order to appear in a forward
simulation, however, noise or other kind of external
perturbations are needed. From Figure 3 we conclude that
the off-equatorial regions play an important role in
amplifying ENSO variability during the LGM.
[12] This is further illustrated in Figure 4 showing the
sensitivity of the leading eigenmode to background condi-
tion changes in only one variable and to latitudinal weight-
ing. In comparison with the growth rate of the present-day
leading ENSO eigenmode (see Figure 3, right panel) we see
that LGM changes in the oceanic currents (yellow star and
circle) do not influence the growth rate of the leading
eigenmode significantly, in contrast to the effect of the
LGM thermocline anomaly field (light blue star and circle)
which leads to an intensification of ENSO variability, and
the atmospheric field (green star and circle) which damps
ENSO variability. If the prevailing winds are strong enough
a shallower mean thermocline as observed in Figure 2 may
lead to an intensification of ENSO variability as discussed
in the work of Fedorov and Philander [2000]. In Figure 2
we observe a weakening of the equatorial trades in the
tropical eastern Pacific which may also lead to a reduction
of ENSO variability. Furthermore, we see a large difference
between the eigenmodes of the total LGM SST field (red
circle) and the latitudinally weighted field (red star). In the
former case we observe a growth rate of 0.03 1/year, in
the latter the ENSO mode is damped. Hence in addition to
the overall equatorial thermocline shoaling, off-equatorial
SST changes seem to be important in amplifying ENSO
during the LGM. This can be explained by the meridional
advection term v0@T /@y which has a smaller magnitude
during the LGM. Under present-day conditions (due to the
presence of the equatorial cold tongue) the meridional
temperature gradient is positive north of the equator. Under
LGM conditions the northern off-equatorial regions cool
more than the equator (see Figure 2), which leads to a
weakening of the meridional temperature gradient Since the
anomalous meridional advection of the mean temperature
gradient provides a negative heating for present-day ENSO
conditions [Kang et al., 2001] a weakened meridional
temperature gradient leads to a weaker negative feedback
and hence to an intensification of ENSO variability during
Figure 3. Eigenmodes of the linearized ZC-type intermediate ENSO model for (left) glacial and (right)
present-day background conditions as simulated by the CSM1.4 model. The light blue dots represent the
leading eigenmode using LGM background conditions if extratropical anomalies are neglected. The
eigenspectrum is symmetric around the zero frequency. See color version of this figure at back of this issue.
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the LGM. In conclusion, we can say that both the mean
thermocline shoaling (light blue) during the LGM as well as
changes of the mean meridional temperature gradient lead to
a significant intensification of LGM ENSO variability.
[13] The physical mechanism of ENSO under present-day
and LGM conditions can be elucidated further by studying
the spatiotemporal evolution of SST and thermocline
anomalies. Figure 5 displays the time evolution of the
present-day (upper panels) and LGM (lower panels) leading
ENSO eigenmode in equatorial SST, thermocline and zonal
current anomalies. As compared to the present-day eigen-
mode of the linearized intermediate model, the LGM mode
exhibits a slight tendency toward eastward propagating SST
anomalies. As shown by Jin et al. [2003] eastward propa-
gating El Nin˜o events are typically characterized by larger
amplitudes due to nonlinear dynamic heating. The thermo-
cline field is in accordance with the recharge-mechanism for
ENSO [Jin, 1997]. Furthermore, we observe that both
during present-day and LGM conditions the warm pool
temperature advection plays an important role in amplifying
the temperature anomalies in the central Pacific during El
Nin˜o and La Nin˜a conditions.
3.2. ECBilt-CLIO Results
[14] We have also performed an eigenanalysis of the LGM
background state as simulated by the ECBilt-CLIO model
[Timmermann et al., 2004]. This global coupled atmosphere-
ocean-sea-ice model underestimates tropical variability due
to the low atmospheric resolution and the quasigeostrophic
approximation used in the atmospheric model. The LGM
simulation represents an extreme case for tropical climate
change during the LGM. The ECBilt-CLIO model simulates
a La Nin˜a-type pattern for the LGM with enhanced trade
winds and ocean currents, as shown in Figure 6. The
corresponding eigenanalysis exhibits an unstable oscillatory
LGM-ENSO mode as shown by Figure 7. We have changed
the parameter g which controls the ratio between LGM and
CTR background conditions. Figure 7 clearly reveals that
the unstable fast LGM mode becomes more and more stable,
as we go from LGM to control conditions.
[15] The ECBilt-CLIO background changes suggest en-
hanced interannual ENSO variability during the LGM.
Despite the differences in the simulated background con-
ditions in the CSM1.4 and ECBilt-CLIo model, both LGM
simulations are consistent with an intensification of ENSO
variability.
4. Summary and Conclusions
[16] We have presented modeling evidence that the LGM
background conditions in the tropical Pacific as simulated
by the CSM1.4 and the ECBilt-CLIO model are favorable
Figure 4. Sensitivity of the leading eigenmodes of the linearized ZC-type intermediate ENSO model
with respect to latitudinal weighting (w) and LGM changes in only one variable of the climate
background conditions. SST indicates LGM changes are taken into account only for the SST background
field. Abbreviations are as follows: H, thermocline depth changes; Atm., wind and wind-divergence
changes; Ocn., changes of the oceanic currents; LGM, changes of all background fields. See color version
of this figure at back of this issue.
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Figure 5. Hovmoller diagram of the leading eigenvector of the linearized ZC-type intermediate ENSO
model for observed (upper panels) present-day and (lower panels) glacial background conditions
simulated by the CSM model. Only the SST, thermocline depth, and current anomalies are displayed. The
time evolution represented by the phase on the y axes is directed upward. See color version of this figure
at back of this issue.
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Figure 6. Simulated difference of SST (K), wind (m/s), surface current (cm/s), upwelling (103cm/s)
and thermocline depth (m) between ECBilt-CLIO LGM and present-day simulation. Data are interpolated
onto the grid of our intermediate tropical model. See color version of this figure at back of this issue.
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for the generation of interannual recharge-discharge ENSO
variations, thereby confirming the main conclusion of Otto-
Bliesner et al. [2003] and Peltier and Solheim [2004]. In
contrast to the diagnostic study of Otto-Bliesner et al.
[2003] however, we find that it is mostly a shoaling of
the thermocline which leads to stronger ENSO variability in
the CSM1.4 LGM simulation, rather than a sharpening. In
fact an analysis (not shown) of the simulated equatorial
temperature structure shows no clear sign for a sharpening
of the equatorial thermocline. However, further sensitivity
tests with the intermediate ENSO model have revealed that
in general changes of the thermocline sharpness may have a
strong effect on ENSO growth rate.
[17] While the LGM ENSO variance in the CSM1.4 model
is amplified due to a combination of thermocline and merid-
ional temperature gradient changes, the ECBilt-Clio LGM
ENSO amplification is consistent with the two-parameter
ENSO regime diagram (wind and mean thermocline depth)
of Fedorov and Philander [2000]: An amplification of the
trade winds leads to an amplification of ENSO variance as
well as to shorter periodicities (see Figures 6, 7).
[18] Our mathematical analysis also has several disadvan-
tages: Our eigenanalysis does not provide a direct quanti-
fication of the amplitude of ENSO. We have used ENSO
amplitude and growth rate synonymously. In fact the
amplitude of ENSO in a limit cycle regime is determined
by the nonlinearities which cannot be assessed directly by
our linear eigenanalysis. Hence we have also performed
numerical simulations using our intermediate model forced
by differences between the present-day and LGM back-
ground states These simulations (not shown) support the
main conclusion of the eigenanalysis.
[19] Another caveat of our modeling approach is that we
prescribe an annual mean state, as in the work of Fedorov
and Philander [2000], neglecting the annual cycle forcing.
Annual cycle forcing may be a very important process
controlling the strength of ENSO variability. A Floquet
analysis taking into account a seasonally varying back-
ground state might be appropriate but would exceed the
scope of our paper.
[20] Intensified ENSO variability, as found in our analysis
and supported by Otto-Bliesner et al. [2003] is not neces-
sarily inconsistent with coral data of [Tudhope et al., 2001].
In fact, as shown by Otto-Bliesner et al. [2003] weakened
ENSO teleconnection patterns may also lead to a reduction
of interannual rainfall variability in the warm pool area.
There exists a large uncertainty in the simulated LGM
temperature anomaly patterns in the tropical oceans. For
instance, Bush and Philander [1998] simulate a cooling of
the tropical oceans of about 4–6 degrees in their LGM
simulation, whereas the tropical cooling in the Kim et al.
[2003] simulation attains values of up to 8 degrees. On
the other hand Shin et al. [2003], Hewitt et al. [2001],
Timmermann et al. [2004] and Kitoh et al. [2001] find a
Figure 7. Eigenmode spectrum (dark blue) for the LGM background perturbation simulated by the
ECBilt-CLIO model. Colored dots: Leading eigenmodes for different values of g as defined by ~XBG =
~XZC + g(~XLGM  ~XCTR). Red dot: leading eigenmode of the intermediate ENSO model forced by present-
day climate background conditions. See color version of this figure at back of this issue.
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more moderate cooling of about 2–3 degrees. These large
discrepancies are not too surprising, given the uncertainty of
future climate projections using state-of-the-art coupled
general circulation models. Surprising however is that all
of these LGM model simulations are considered to be
consistent with reconstructed data. Obviously this suggests
that the uncertainty in the reconstructions also is large and
not yet sufficient to constrain which of the model simula-
tions is most realistic.
[21] The uncertainty in the LGM background states
(Figures 2 and 6) also raises the question as to what has
controlled the temperatures in the tropical Pacific during the
LGM. Two different hypothesis have been suggested to
explain the equatorial cooling of 2–5 K in the Pacific. Liu et
al. [2002] argue based on the CSM coupled model simula-
tion that the subduction of anomalously cold water from the
Southern Hemisphere leads to a shoaling of the equatorial
thermocline. Using the ECBilt-Clio LGM simulation
Timmermann et al. [2004] argue, on the other hand that
changes in the transient and stationary wave activity in the
North Pacific lead to a remote intensification of the trade
winds, which in turn lead to an enhancement of equatorial
upwelling by spinning up the subtropical cells. In addition,
in both simulations, reduced water vapor and CO2 concen-
trations generate a local cooling in the tropical areas. Our
study should be regarded as a first step toward an assess-
ment of ENSO’s response to glacial boundary conditions.
[22] In addition, further paleoproxy data have to be
collected and processed in order to quantify the response
of ENSO to LGM boundary conditions. Comparing LGM
simulations of ENSO with new reconstructed data might
also help to assess the validity of future greenhouse projec-
tions. The LGM can be used as an independent calibration
period for CGCM simulations.
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Figure 1. Power spectra of d18O time series obtained from an isotope analysis of fossil (dashed) and
modern (solid) corals sampled in Papua New Guinea. Data from Tudhope et al. [2001].
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Figure 2. Simulated difference of SST (K), wind (m/s), surface current (cm/s), upwelling (103cm/s)
and thermocline depth (m) between CSM LGM and present-day simulation. Data are interpolated onto
the grid of our intermediate tropical model.
PA4009 AN ET AL.: LAST GLACIAL MAXIMUM EL NIN˜O–SOUTHERN OSCILLATION PA4009
4 of 11
Figure 3. Eigenmodes of the linearized ZC-type intermediate ENSO model for (left) glacial and (right)
present-day background conditions as simulated by the CSM1.4 model. The light blue dots represent the
leading eigenmode using LGM background conditions if extratropical anomalies are neglected. The
eigenspectrum is symmetric around the zero frequency.
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Figure 4. Sensitivity of the leading eigenmodes of the linearized ZC-type intermediate ENSO model
with respect to latitudinal weighting (w) and LGM changes in only one variable of the climate
background conditions. SST indicates LGM changes are taken into account only for the SST background
field. Abbreviations are as follows: H, thermocline depth changes; Atm., wind and wind-divergence
changes; Ocn., changes of the oceanic currents; LGM, changes of all background fields.
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Figure 5. Hovmoller diagram of the leading eigenvector of the linearized ZC-type intermediate ENSO
model for observed (upper panels) present-day and (lower panels) glacial background conditions
simulated by the CSM model. Only the SST, thermocline depth, and current anomalies are displayed. The
time evolution represented by the phase on the y axes is directed upward.
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Figure 6. Simulated difference of SST (K), wind (m/s), surface current (cm/s), upwelling (103cm/s)
and thermocline depth (m) between ECBilt-CLIO LGM and present-day simulation. Data are interpolated
onto the grid of our intermediate tropical model.
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Figure 7. Eigenmode spectrum (dark blue) for the LGM background perturbation simulated by the
ECBilt-CLIO model. Colored dots: Leading eigenmodes for different values of g as defined by
~XBG = ~XZC + g(~XLGM  ~XCTR). Red dot: leading eigenmode of the intermediate ENSO model
forced by present-day climate background conditions.
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